Our previous studies have shown that patients with chronic obstructive pulmonary disease (COPD) have an increased risk of dementia and that COPD combined with dementia confers an increased risk of acute respiratory dysfunction, severe sepsis, and hospital mortality. The aim of this study was to investigate whether medication adherence can decrease the risk of dementia in COPD.
Introduction
The number of people living with dementia worldwide is currently estimated at 47 million and is projected to increase to 75 million by 2030; despite these figures, a small number of studies show modifiable risk factors associated with dementia.
Patients with chronic obstructive pulmonary disease (COPD) have a systemic inflammatory status, and inflammatory cytokines can cause neuronal damage and result in neurodegenerative disorders. COPD is one of the comorbidities showing increasing evidence of an association with cognitive dysfunction and dementia. [1] Moreover, COPD patients with dementia have increased rates of severe sepsis, acute respiratory failure, and mortality. [2] Therefore, it is currently of great interest to clarify which features predict progression to dementia and identify modifiable risk factors. The aim of our study was to investigate whether medication adherence in patients with COPD can decrease the risk of dementia.
Materials and methods

Study population
We retrieved our retrospective study sample from 1 million beneficiaries randomly sampled from all beneficiaries registered in 2005. All medical records from January 1, 1998 to December 31, 2013, for these 1 million beneficiaries were available, including inpatient claims, outpatient claims, and prescription drugs.
In this cohort study, the eligible subjects were patients who received an outpatient diagnosis or discharge diagnosis of COPD (ICD-9-CM codes: 490-492, 496) and were >40 years of age between January 1, 1998 and December 31, 2012. Only the first COPD diagnosis was enrolled. The first date of a diagnosis of COPD was defined as the index date. We used the presence of Alzheimer's disease (AD) or Parkinson's disease (PD) to represent dementia. [3] We excluded patients with a previous diagnosis of asthma (ICD-9-CM code: 493), AD (ICD-9-CM code: 331), or PD (ICD-9-CM code: 332). We further excluded COPD patients not prescribed long-acting bronchodilators, including longacting b2-agonists (LABAs), long-acting muscarinic antagonists (LAMAs), or long-acting b2-agonists and inhaled corticosteroids (LABA+ICS). We also excluded COPD patients who had been using theophylline or short-acting b2-agonists (SABA) for <1 year.
To ensure that we had a sufficiently long observation period to study the effect of adherence, we excluded patients diagnosed with dementia within 1 year after the diagnosis of COPD or those prescribed bronchodilators (LABA, LAMA, LAMA+ICS, theophylline, or SABA) after the diagnosis of dementia. Patients with COPD and a history of severe mental disorders (ICD-9-CM codes 291-298) were also excluded. These conditions included alcoholinduced mental disorders, drug-induced mental disorders, transient mental disorders due to conditions classified elsewhere, persistent mental disorders due to conditions classified elsewhere, schizophrenic disorders, episodic mood disorders, delusional disorders, and other nonorganic psychoses.
The severity of COPD was classified into 2 groups. The severe group included patients admitted to the hospital for COPD exacerbation within 1 year after the index date with discharge diagnoses of COPD (ICD-9-CM codes: 490-492, 496). The other patients were classified into the nonsevere group.
We used the proportion of days covered (PDC) to evaluate medication adherence in the COPD patients, which was defined as the proportion of days in the measurement period "covered" by prescription claims for the same medication or another (LABA, LAMA, LAMA+ICS, theophylline, or SABA) in its therapeutic category. The measurement period for adherence lasted from the index date to when an outcome occurred, death, or December 31, 2013. Adherence was divided into high PDC (≥80%) and low PDC (<80%) groups. We also measured the PDC in different groups as follows: ≥70% and <70%, ≥60% and <60%, ≥50% and <50%. The high PDC (≥80%) was chosen to allow the medication to have a reasonable likelihood of achieving most of the potential clinical benefit. Monthly income was categorized as follows: <New Taiwan Dollar (NTD) $20,000, NTD $20,000 to 40,000, and >NTD $40,000. This study has received the approval by the Institutional Review Board (IRB) of the Chi Mei Medical Center, Taiwan (IRB no. 10705-E03). Informed consent from the participants was waived because the NHIRD contains deidentified information.
Statistical analysis
We first described the demographic characteristics and comorbidities of COPD patients with a high or low PDC. Student t test was used to estimate mean differences in continuous variables, and the x 2 test was used for categorical variables. The level of urbanization was categorized into 4 levels based on the population density of the patient's area of residence, where "1" was most urbanized and "4" was the least urbanized. A Cox proportional hazard regression model with adjustment for potential confounders was used to assess the risk of dementia. The potential confounders included medication adherence (PDC), COPD severity, sex, age, urbanization, and comorbidities, including coronary artery disease, stroke, hyperlipidemia, hypertension, and diabetes.
We also performed Kaplan-Meier analysis to compare the incidence of dementia in COPD patients with a high and low PDC. A P value of <.05 was considered to indicate statistical significance. All statistical analyses were performed using Statistical Analysis Software (SAS), version 9.3 (SAS Institute Inc., Cary, NC). Table 1 lists the demographic characteristics and comorbidities of the COPD patients with a PDC <80% and a PDC ≥80% before matching. There was a total of 13,015 first diagnoses of COPD from 1998 to 2012 (Fig. 1) , of whom 9,489 had a PDC <80% and 1,206 had a PDC ≥80% before matching. In the high PDC group, 226 (18.74%) patients had acute exacerbations of COPD and were hospitalized within 1 year after the diagnosis of COPD, which was higher than the percentage in the low PDC group, of whom only 3.43% had acute exacerbations. The percentage of male patients was higher than that of females in both groups. Approximately 36% of the patients were 64 years of age or younger, and 23% of the patients were 75 years of age or older in the PDC ≥80% group. Comorbidities including hyperlipidemia and diabetes were significantly higher in the PDC ≥80% group than in the PDC <80% group before matching. There were no significant differences in the prevalence of cancer. Table 2 lists the demographic characteristics and comorbidities of the COPD patients with a PDC <80% and a PDC ≥80% after matching for age, sex, and COPD severity. Table 3 shows the adjusted hazard ratio (HR) for the risk of dementia in COPD patients among a PDC <80% and a PDC ≥80% and different factors before matching. Compared with COPD patients with a PDC <80%, those with a PDC ≥80% had a risk of dementia with an adjusted HR of 1.07, but the difference was not statistically significant (95% confidence interval [CI], Table 1 Demographic characteristics and comorbidities in COPD patients with a PDC <80% and those with a PDC ≥80% before matching. Liao and Chen Medicine (2019) 98:20 Medicine 0.75-1.53). The COPD patients with acute exacerbations requiring admission (more severe) had a risk of dementia with an adjusted HR of 1.31 (95% CI, 0.81-2.12) compared with those who were not hospitalized. Gender and comorbidities including coronary artery disease, hyperlipidemia, diabetes, and cancer also had no statistically significant impact on dementia. However, age was an important risk factor for dementia, and the risk of dementia was much higher among the patients >74 years (adjusted HR 2.58, 95% CI, 1.33-5.02). The risk of dementia was higher in COPD patients with comorbidities of stroke, hypertension, and head injury. The risk of dementia was lower in COPD patients with income between NTD 20,000 and 40,000 than in those with income <NTD 20,000 per month. There was no significant difference in the risk of dementia between COPD patients with monthly income >40,000 and those with monthly income <NTD 20,000. Table 4 demonstrates the adjusted HRs of dementia risk in COPD patients with a PDC ≥80% after matching. Compared with COPD patients with a PDC <80%, those with a PDC ≥80% had a risk of dementia with an adjusted HR of 0.88, but the difference was not statistically significant (95% CI, 0.57-1.35). 
Results
Discussion
To the best of our knowledge, this is the first study to evaluate the association between the PDC of COPD medication and the risk of dementia. The major finding is that a high PDC of COPD medication may not decrease the risk of dementia.
Adherence in COPD
We found that only 11.28% of the COPD patients had a PDC ≥80%. A previous study conducted in 7 Latin American countries, the Latin American Study of 24-hour Symptoms in Chronic Obstructive Pulmonary Disease (LASSYC), used selfreported medication adherence and questionnaires and found that 54.1% of the patients had good adherence, [4] and their results were much higher than ours. We used a nationwide database and comprehensively enrolled COPD patients in Taiwan. Self-reports of medication adherence may not be a reliable method for estimating adherence in COPD.
Another study used retrospective administrative claims data from the Humana Research Database in the United States from January 1, 2008 to December 31, 2012 [5] . There were some similarities between our study and their study in that they used Liao and Chen Medicine (2019) 98:20 www.md-journal.com Table 3 Adjusted hazard ratios of dementia risk for COPD patients with a PDC ≥80% before matching. aHR = adjusted hazard ratio, CAD = coronary artery disease, CI = confidence interval, COPD = chronic obstructive pulmonary disease, NTD = New Taiwan Dollar, PDC = proportion of days covered. Table 4 Adjusted hazard ratio of dementia risk for COPD patients with a PDC ≥ 80% after matching. 0.66 (0.38-1.13) .13 >40,000 0 (0) 1.00 aHR = adjusted hazard ratio, CAD = coronary artery disease, CI = confidence interval, COPD = chronic obstructive pulmonary disease, NTD = New Taiwan Dollar, PDC = proportion of days covered. ICD-9-CM codes to diagnose COPD, required 2 medical claims with a COPD diagnosis code on separate days but no >90 days apart, included patients aged from 40 to 89 years, required at least one prescription claim for COPD bronchodilators, and assessed COPD medication adherence for 1 year after the index date (diagnosis of COPD). They found that the mean adherence to COPD bronchodilators was 0.47 and that less than onequarter (20.8%) of the COPD patients adhered to treatment based on the threshold of a PDC ≥80%. [5] Our data also showed that adherence in COPD was low, although there were some differences in our study. Only LAMAs and LABAs/ICSs were included in their study. In our study, we included LAMAs, LABAs/ICSs, LABAs, SABAs, and theophylline. We evaluated more types of bronchodilators, including oral theophylline. Theophylline has been used as a bronchodilator to treat COPD for >70 years; however, a higher number of side effects including tachycardia, arrhythmia, and gastrointestinal upset have reduced its popularity. After the introduction of more effective inhaled bronchodilators with fewer side effects, theophylline has become a third-line bronchodilator after inhaled anticholinergics and b2 agonists. Moreover, it seems to be used less frequently for COPD patients in Western countries than in Taiwan (75.7%). [6] 
Dementia risk
Adherence and sex
In the study by Dhamane et al, [5] 59% of their COPD patients were female, which is different from the present study in which only 35% of the patients were female. Our previous studies also showed male predominance in Taiwan patients with COPD. The low percentage of female COPD patients in Taiwan may be related to a lower prevalence of female smoking or to underdiagnosis in Taiwan compared with those in the United States. [7] There were no significant differences in adherence to COPD medications with respect to sex and age in Dhamane et al's study. [5] In our study, we found that adherence was 74.62% higher among men than among women (87.31% vs 12.69%; P < .05). In Manteuffel et al's study, men were more likely than women to adhere to chronic medications. [8] Another study conducted in Taiwan also found that female patients adhered less effectively to medications than male patients. [9] 4.3. Adherence and the risk of dementia Several possible mechanisms may explain why high adherence cannot reduce the risk of dementia in COPD patients. First, high adherence may not reduce the inflammatory status in COPD patients, and the mechanism of dementia (neurological damage from inflammatory cytokines) in the brain also cannot be alleviated. Second, there was no assessment of lung function or hypoxemia status in the COPD patients in our study. The decline in lung function and the hypoxemia status may play an important role in the occurrence of dementia in COPD. Third, a previous study showed that astrocytic b2-adrenergic receptors could regulate brain inflammatory responses.
[10] However, we doubt that bronchodilators have an anti-inflammatory effect on brain cells. The bronchodilators may not mitigate the risk of dementia via regulation of brain cells.
Factors associated with improved adherence include communication between the physician and patient, mutual agreement of what is helpful, shared responsibility, and patient self-management. [11] The adherence to bronchodilator use was low in COPD patients in our study. Further studies are needed to evaluate another benefit of adherence and how to overcome obstacles to adherence in COPD. Effective management of COPD depends on finding ways to improve adherence and encourage patients to participate in their own treatment.
Limitations
The results of this study should be interpreted in the context of several limitations. This is a retrospective and observational study, and therefore the possibility of confounding and various biases exists. The patients may have overestimated adherence and been unaware of their actual medication-taking behaviors when using pharmacy claims to assess adherence. In addition, information about the reasons for nonadherence was lacking.
Another limitation was the inability to assess medication use outside of the National Health Insurance Research Database (NHIRD). However, the likelihood of this possibility is low, as the National Health Insurance (NHI) program provides comprehensive healthcare coverage and ease of accessibility to healthcare facilities. Alternatively, we may need a prospective study to delineate the relationship between adherence and dementia in COPD patients. The mechanisms of brain pathology and dementia are likely to be complex and multifactorial in COPD. Further studies are required to delineate cerebrovascular mechanisms of brain pathology and dementia in COPD. Otherwise, patients who initiated treatment with once-daily dosing had significantly higher adherence than other daily dosing frequencies. In recent years, more once-daily and higher potency bronchodilators have been developed for COPD maintenance treatment. A future study can investigate whether these medications can help COPD patients increase medication adherence and reduce comorbidities, and further prospective studies are needed to evaluate the effect of COPD adherence on reducing the risk of dementia.
Conclusions
We found that an improvement in medication adherence to bronchodilators may not reduce the risk of dementia in COPD. For better treatment, new drug development, evolving physician and patient education, and the introduction and promotion of continuing medical education may also have influenced prescribing practices. Poor adherence is common in clinical practice and frequently ignored by physicians, resulting in increased rates of morbidity, healthcare expenditures, hospitalizations, and mortality. Although increasing patient adherence to treatment is important work, our study found that adherence to bronchodilator use does not modify the disease course of dementia in COPD, and more important risk factors that can ameliorate the risk of dementia need to be further studied. 
